Abstract Injection-induced seismicity is thought to be due primarily to increase in fluid pore pressure, which reduces the shear strength of a nearby fault. We address the modeling and prediction of the hydromechanical response due to fluid injection, mainly as wastewater disposal. We consider the full poroelastic effects, including the changes in porosity and permeability of the medium due to changes in local volumetric strains. Our results consider effects of the fault architecture (low-permeability fault core and anisotropic high-permeability damage zones) on the pressure diffusion and the fault poroelastic response. We show that the high-permeable damage zone, the poroelastic response, and the permeability evolution can accelerate the pore pressure diffusion process during and after wastewater injection. By studying a geologically based model of the Guy-Greenbrier fault and of the earthquake sequence induced along it in Arkansas, United States, from October 2010 to July 2011, we show that the existence of highly permeable damage zones facilitates the pressure diffusion and results in a sharp increase in pore pressure at levels much deeper than the injection wells, while the anisotropic permeability in the damage zone can act as a barrier to cross-fault fluid flow. Furthermore, by computing the change ΔCFS of Coulomb failure stress, our simulations show that ΔCFS increases starting from the top of the Guy-Greenbrier fault and then propagates toward greater depth and toward the southwest direction, which is consistent with the seismicity migration.
Introduction
Induced seismicity generally refers to seismic events caused partially or completely by anthropic activities. It has been discovered and studied for a long time, starting with an experiment in earthquake control at Rangely, Colorado (Raleigh et al., 1976) , following a sequence of events correlated to the time of subsurface waste injection at a military site. Many perturbations of the groundwater system can potentially induce an earthquake, such as reservoir loading (Bell & Nur, 1978; Stabile et al., 2014; Talwani, 1997) , fluid extraction (Chang & Segall, 2016b; Suckale, 2009 Suckale, , 2010 , wastewater injection (Frohlich et al., 2011; Healy et al., 1968; Horton, 2012) , hydraulic fracturing (Bao & Eaton, 2016; Deng et al., 2016; Yoon et al., 2017) , CO 2 injection (Cappa & Rutqvist, 2011; Jeanne et al., 2014) , and geothermal operations (Deichmann & Giardini, 2009 ).
Since 2009, seismicity in the Central United States has sharply increased, mainly due to induced earthquakes (Ellsworth, 2013) . Wastewater injection has been identified as the main trigger of those earthquakes. It is the process of injecting saline water, resulting from oil and gas production, to the sub-subsurface, and it is Figure 1 . Schematic diagram of a typical strike-slip fault zone (after Mitchell & Faulkner, 2009 ), which includes a fault core and associated damage zones. For a mature fault, the representative thicknesses are about 0.01-1 m for the fault core, and 100-400 m for the damage zone.
estimated that 1 liter of extracted oil produces 20 liters of wastewater. This indicates that very large volumes of water have to be injected and for a long period of time. Such makes the process more capable of inducing seismicity, including higher magnitude earthquakes. Nevertheless, it should be noted that available data and studies show that less than 2% of injection wells across the United States have been associated to induced earthquakes. That makes the issue more complex and suggests that the mechanisms of inducing seismicity are variable and highly dependent on the subsurface characteristics around the area of injection.
Based on previous studies, the mechanism of induced earthquakes relates to changes in the near-fault stress field, particularly in effective normal stress. After fluid injection, the decreasing effective normal stress will trigger either seismic or aseismic slip depending on the friction properties of the fault (Guglielmi et al., 2015; Segall & Rice, 1995) . However, the conditions for unstable slip and stable slip after fluid injection are poorly understood. In this study, we simplify the triggering condition as the stress change meeting the Coulomb failure criterion. That is, earthquakes are assumed to be nucleated as the condition for slip rupture is reached, which can be expressed as = f ×( n −p), where is the shear stress and n the compressive normal stress on a fault, f is the friction coefficient, and p is the pore pressure. Increasing pore pressure, or decreasing normal stress, or increasing shear stress could trigger an earthquake.
We focus here on improving the modeling and prediction of the hydromechanical response due to fluid injection, mainly as wastewater disposal. One of the most important factors controlling subsurface flow is the underground permeability structure created by fault systems, the same systems which may be reactivated by injection. A general proposed fault architecture, according to field observations (Caine et al., 1996; Chester et al., 1993; Mitchell & Faulkner, 2009 ), contains a highly granulated fault core in the center bordered by damage zones formed from elevated off-fault stressing and distributed cracking in previous earthquakes. Damage zones contain rocks with higher fracture density and lower Young's modulus compared with country rock. A typical range of Young's modulus in the fault core can be 1-10 and 10-50 GPa in the damage zones (Cappa & Rutqvist, 2011; Gudmundsson, 2004) . The thickness of damage zones depends on the maturity of fault which increases with the accumulated displacements and can vary from a few centimeters to hundreds of meters (Mitchell & Faulkner, 2009 , 2012 Perrin et al., 2016; Savage & Brodsky, 2011) . Figure 1 shows a schematic diagram of a typical strike-slip fault zone including a fault core, associated damage zones, and the country rock. Also, measurements on and near fault segments slipped in the 1994 Kobe, Japan earthquake (Lockner et al., 2000) showed that a fault tends to have a finely granulated low-permeability fault core, with highly fractured, high-permeability, damage zones surrounding it, with permeability reducing toward generally low regional values at greater distances from the fault.
The goal of this study is to evaluate the effect of the fault permeability structure on response to fluid injection, including poroelastic effects and permeability evolution. Section 2 mainly discusses the fault permeability structure and introduces the permeability evolution. In section 3, we briefly introduce the linear poroelasticity theory and the governing equation we used in simulations. In section 4, we first investigate the effect of the highly permeable damage zone, the poroelastic response, and the deformation-dependent permeability. Then, we apply our model settings in 3-D to a real case study of injection-induced seismicity in the Guy-Greenbrier fault, Arkansas. Finally, in section 5, we discussed the role of fault structure acting for injected fluid, which can be either conduit like system or barrier depending on different geological conditions.
Fault Structure and Permeability Evolution
In assessing the potential for induced seismicity, two basic questions arise: The first is what is the magnitude of the pore pressure change, and the second is what is the extent of the volume of rock where the pore pressure is modified in any significant manner. From theoretical and observational points of view, the answer to these questions depends on the rate of fluid injection, total volume of fluid injected, and the hydraulic properties of the rock, where the latter are mainly described by the permeability. We emphasize here the understanding of the permeability structure in fault zones and its impact on effects of fluid injection.
Despite faults having a general architecture (Mitchell & Faulkner, 2009 ), which we attempt to represent in our simulations here, nature shows its variability. Mechanical damage, crack healing, chemical alteration, and so on may lead to a very complicated fault structure. Various aspects control the damage zones around faults: lithology, the dip of bedding relative to the slip direction of the fault, the stress system, and the slip mode at a fault tip (mode II: in-plane shear or sliding mode; mode III: antiplane shear or tearing mode; modes II and III: mixed mode). Hence, the fault core and damage zones reflect the material properties and prior deformation conditions within a fault zone. With regard to ground-fluid flows, whether a fault zone acts as a conduit, barrier, or combined conduit-barrier system is controlled by the relative percentage of fault core and damage zone structures and the inherent variability in grain scale and fracture permeability (Caine et al., 1996) . The core may act as a conduit during deformation and as a barrier when open pore space is filled by mineral precipitation following deformation (Chester & Logan, 1986; Smith et al., 1990) . Work on the Dixie Valley fault zone (Bruhn et al., 1994) showed that the fault core acted as a short-lived fluid flow conduit that then rapidly sealed to form a barrier to flow. This history was also indicated from work on Traill fault, East Greenland (Caine et al., 1996) . Thus, it is relevant to specify the stage of fault evolution when forming a conceptual model for a particular fault zone.
Fluid pressure and fluid flow in fault zones depend on the permeability structure and permeability anisotropy, which can be significantly modified by fault slip and associated stressing (Caine & Forster, 1999) . During fault slip, mechanical shearing may produce drastic changes in the texture of fault gouge materials (Ikari et al., 2015) . Compaction during shearing is much more efficient than during compressive loading (Mandl et al., 1977) . First, substantial porosity reduction (compaction) is usually associated with fault slip due to rearrangement of packing among particles and to grain size reduction. Second, mechanical shearing can produce localized deformation bands within the fault. Because of the active grain comminution in shear within them, permeability may thereby become anisotropic along the fault.
Observations of the internal structures of the San Andreas fault (Chester et al., 1993) indicate that the fault core, of several centimeters thickness, is bounded by a zone of damaged host rock of the order of 100 m thick. Consequently, permeability anisotropies of 2-3 orders of magnitude could exist along the San Andreas fault if the permeability contrast is about 4-5 orders of magnitude. The existence of such permeability anisotropy can significantly modify the fluid flow path and fluid pressure fluctuation within fault zones. Large permeability anisotropy would effectively channel fluids along fault zones. As the pores in the zone of localized deformation within a fault tend to have lower fluid storage capacity, fluid discharge and fluid pressure recovery during an earthquake event will be much slower than in the rest of the fault zone (Mandl et al., 1977) , which may lead to heterogeneous fluid pressure distribution within the zone. Therefore, understanding the relationships and timing of mechanical damage and chemical alteration around faults is important to understand and predict flow properties of subsurface fault structures. Damage zones may create a conduit-like system to diffuse pore pressure along faults and transport fluids to deeper levels. But they may act as a barrier and trap fluids leading to pressure buildup on a fault. Under appropriate conditions, both cases may lead to induced seismicity, and this is the focus of our study: how fault architecture and permeability structure, and the interaction between existing faults, affect the response to fluid injection.
Poroelastic Model
Poroelasticity is the theory that describes coupled processes of elastic deformation and pore fluid diffusion in fluid-infiltrated elastic solids. Its modern development and three-dimensional generalization was established mainly by Biot (1941) . Here we follow the formulation from Biot (1941) , particularly as recast by Rice and Cleary (1976) and further presented by Detournay and Cheng (1993) , Wang (2000) , and Segall (2010) .
Linear poroelasticity equations are summarized here. We first assume that all stress changes ij (from an ambient crustal stress and pore pressure state, equilibrating gravity and long-term tectonic driving) satisfy quasi-static equilibrium conditions with null further body forces. The equations of equilibrium are then
where ij denotes the stress tensor(and the summation convention is adopted for repeated indices).
Accepting the approximation of elastic isotropy, the stress-strain relation of the solid matrix, when pore fluid is under pressure p, is 
where B is Skempton's (1954) coefficient, defined as the ratio of induced pore pressure to the mean normal stress for undrained loading (Rice & Cleary, 1976; Segall, 2010) ,
To complete the description of the elastic response under fluid infiltration, we need to specify how the storage of fluid within the material elements changes due to stressing and pore pressurization. So changes in pore fluid mass per unit volume of solid are related to volumetric strain and pore pressure as
Here m is the current mass of pore fluid per unit reference volume, defined by m = M f ∕V, where M f is the mass of fluid in a region which had volume V in the reference state. 0 is the fluid density in the reference state, and and u are the drained (i.e., constant p) and undrained (constant m) Lamé parameters, where
Combining the fluid mass conservation equation for Δm with Darcy's law
where k is the deformation-dependent permeability matrix (the related equations are defined in section 4.1.1), is the dynamic viscosity of the fluid, Q is the mass source rate of injected fluid per unit bulk volume per unit time, and S is the storage coefficient, defined as
In this study, we assumed Biot-Willis coefficient to be 0.31 (Segall & Lu, 2015) , the dynamic viscosity of the injected water to be 10 −3 Pa ⋅ s, and f the density of injected water to be 10 3 kg/m 3 . Other parameters are assigned according to specific cases and described later in each simulation case.
Simulation Results

2-D Model 4.1.1. Geometry and Physical Properties
Before applying the methods mentioned above to understand how wastewater injection triggers seismicity in real faults, we investigate (by several synthetic tests) the fault response to fluid injection due to the presence of fault-bordering damage zones, poroelastic coupling, and deformation-dependent (hence time-dependent) permeability.
We consider a two-dimensional model first, which is divided into three parts: a low-permeability fault core locates in the center, surrounded by damage zones with high permeability that decays as we go toward the host rock at a further distance, as shown in Figure 2 . Accordingly, we apply a typical permeability model given, with x = distance∕(1 m), by Here k 0 is the background permeability (effect of deformation is not yet included), and x = 0 at the center of the fault core. This permeability distribution is based on data from field measurements (Cappa & Rutqvist, 2011) . We are not aiming to simulate a specific real case here but rather to use reasonable permeability values to illustrate representative fault response due to fluid injection under different simulation conditions.
To include the effect of deformation on permeability, we correlate the porosity evolution with the change in volumetric strain according to the conceptual model proposed and verified experimentally by Wang and Xu (2013) . The model assumes four phases of development. In the first stage, permeability decreases due to closure of the initial microcracks under compressive volumetric strain. This is followed by a nearly constant permeability when the openings of microcracks within the rock specimens are compacted to the minimum, and the variation of the permeability is very small such that it can be approximated to be a constant. A dramatic increase in permeability happens in the third phase, with further increase of the deviatoric stress and strain. The initial cracks within the rock begin to grow and progressively coalesce, and at the same time, new cracks are formed, and the connectivity of the crack network is enhanced. Finally, the permeability undergoes a postpeak complex variation, which is mainly influenced by the confining pressure and changes in pore structure. Thus, in a "triaxial" lab testing situation, compaction occurs under high lateral stresses, while a slight increase in permeability, by deformation, is expected under low lateral stresses if a highly connected fracture network exists (Wang & Xu, 2013) .
In our work, to capture this concept, we relate the porosity to the volumetric strain using an empirical model developed and applied by Chin et al. (2000) , adopted also by Cappa and Rutqvist (2011) , for modeling of permeability changes in petroleum reservoirs, according to the equations:
where , k, 0 , and k 0 are the respective current and initial porosities and permeability of the matrix. Equation (9) linearizes to the expected = 0 + kk . The power law (equation (10)) was first proposed by Rose (1945) and was inspired by Archie's (1942) law for analogy between electrical resistivity and reservoir properties. The exponent n is chosen (in our calculations) equal to 3, which is plausible for most types of rocks. However, experiments done on Fontainebleau sandstone, which has a very low porosity, showed that this exponent can reach up to 8 (Bourbie & Zinszner, 1985) .
As for the mechanical properties, we set a lower Young's modulus (for unconfined uniaxial strain) in the damage zone and fault core (E = 5 GPa) and a higher one in the host rock (E = 10 GPa).
We are analyzing the stress and pore pressure perturbation in the field due to wastewater injection. We assume that the original fluid condition is in hydrostatic equilibrium, and we reset ij (t = 0) = 0 and p(t = 0) = 0, so that our ij and p here are the changes from the ambient values.
To more fully illustrate the effects of fault zone permeability variation, we first simulate the response of the system to a pore pressure perturbation p in = 2 MPa covering a circular region of radius equal to 0.3 m at the center of the fault core. We also did similar simulations for pressure perturbation applied in the damage zones, which can be found in section 5.1.
As for the boundary conditions, at the outer perimeter of our typically 2,041 m by 2,000 m simulation region (Figure 2 ), we assume a zero normal component of the fluid mass flux,
where n is the normal vector pointing outward, is the fluid density,and v f is the fluid velocity. This condition is appropriate when details of flow velocity and pressure are not known prior to the solution. For the solid matrix, we use shear-free but impenetrable boundaries described as
where u is the displacement of the solid matrix, and is the stress tensor. The models are built and the simulations are performed using COMSOL Multiphysics ® (finite element commercial software; COMSOL, 2015). We used adaptive meshing for the model to refine the element size near the pressure perturbation area and fault regions.
Effect of Damage Zones on Pressure Diffusion
First, we examine the impact of introducing high-permeability damage zones. We consider two models which have the same mechanical properties except for the permeability, where one model has a uniform permeability distribution which equals to the permeability of the host rock (k 0 = 10 −16 m 2 ) and the other model has the permeability distribution shown in equation (8) (i.e., with substantial variation with distance perpendicular to the fault core). First, we simulate only the pure diffusion process (i.e., poroelasticity not yet included, and the deformation-dependent permeability model is not yet included either).
From Figure 3 , which shows the change of pore pressure after 40 days of injection, we can see that the model which has damage zones has higher pore pressure increase after injection and larger pressurized area along the fault. This is because the fluid pressure change could diffuse much faster when traveling through the damage zones parallel to the fault, than when crossing it through the low-permeability fault core. Based on this comparison, it is obvious that the high-permeability damage zones facilitate the pressure diffusion and act as conduits for transporting fluid pressure changes along faults.
Effect of Poroelastic Coupling
We also explore the effects of poroelastic coupling on pore pressure diffusion, examining two cases. In the first case, we assume a rigid porous host. The permeability distribution in this case follows equation (8). We refer to this as the rigid host model. In the second case, the only difference is that we include poroelasticity, which considers the coupling effect between the host rock deformation and the fluid diffusion. We refer to this model as the coupled poroelastic model. Both cases assume deformation-independent permeability (i.e., equations (9) and (10) are not yet used here). (14)).
In the coupled model, we consider the effect of elastic deformation due to changes in stress and pore pressure in the injection process. Figure 4a shows the pressure difference, normalized by the applied pressure perturbation, between the rigid host model and the coupled poroelastic model at relative early stage after injection. This can be expressed as
where p rigid and p poroelastic are the pressure along the cross-section cutting perpendicular to the fault plane at the center of the perturbation region, for the rigid host model and the coupled poroelastic model, respectively, and p in is the perturbation pressure. The pressure difference Δp (a) is positive within the near field and negative within the far field. We also find that |Δp (a) | is decreasing as time increases in the near field, while |Δp (a) | is increasing as time increases in the far field.
From the results, we can find that the rigid host model significantly overestimates the near-field pressure, while it underestimates the far field compared to the coupled poroelastic model at relatively early time stage of injection. Moreover, for risk management, it may be acceptable to overestimate the near field (as obtained in short-term simulations); however, in long-term simulations, it would be risky to underestimate the far-field pressure changes. Therefore, this test reveals the importance of applying a poroelastic model that makes deformation fully coupled to changes in stress and pore pressure.
Effect of Permeability Evolution
Further, we compared two cases to see the effect of permeability evolution. After imposing the deformation-dependent permeability described in equations (9) and (10), we compare the results to a case in which we use temporally constant permeability equal to that described by equation (8). Similarly, we compare the deformation-dependent permeability model (i.e., equations (9) and (10) are used) and the deformation-independent permeability model by calculating the pressure difference, and we observed along the same cross-section cutting line as shown in Figure 2 . For this test, the normalized pressure difference is expressed as
where p k (x,t) represents the pore pressure change in the deformation-dependent permeability model, p k(x) represents the pore pressure change in the deformation-independent permeability model, and p in is the perturbation pressure.
From Figure 4b , we can see that Δp (b) is always positive in the entire domain and concentrates mostly in the near field, which implies that deformation-independent permeability model underestimates the whole field pressure especially in the near field at relatively early time stage of injection. Neglecting the temporal increase in permeability leads to underestimating the increases in fluid pressure and the extent of injection influence.
3-D Model: Guy-Greenbrier Sequence 4.2.1. Seismicity Near the Guy-Greenbrier Fault and Model Settings
Hydraulic fracturing is a widely used technique to enhance natural gas production in Northern Arkansas. The process also produced a large amount of wastewater. That wastewater was injected into the subsurface through several disposal wells starting April 2009 (Horton, 2012) in the study area depicted in Figure 5 . Since then, the seismicity in the surrounding area increased sharply, and 98% of the earthquakes, following the injection, are located within 6 km of three wastewater disposal wells. Such indicated that the increase in seismicity is mainly due to fluid injection at those disposal wells (Horton, 2012) .
From October 2010 to July 2011, a continuous swarm of small earthquakes illuminated a previously undetected fault, which was subsequently called the Guy-Greenbrier Fault (Horton, 2012) . From Figure 5 , we can see that the earthquakes started from the northeast part of the fault and then moved toward the southwest. Among those injection wells, we focus on wells located near to that Guy-Greenbrier fault, which are wells 1 (depth ∼ 1.9 km) and 5 (depth ∼ 3 km). While well 2 started injecting on 15 September 2009, wells 1 and 5 started on 7 July 2010 and 16 August 2010, respectively. Thus, it is reasonable to assume that wells 1 and 5 are the ones mainly responsible for the increase in seismicity along Guy-Greenbrier fault (Horton, 2012) .
The induced event locations revealed that the Guy-Greenbrier fault intersects at depth with another preexisting fault, the Enders fault. Well 5 cuts the Enders fault, so this fault could possibly act as a conduit system to transport the injected fluid along it and to deeper levels. Besides, the Ozark Plateau aquifer system found at about 1.9-3-km depth can also facilitate the fluid diffusion and trigger earthquakes (Horton, 2012) .
To understand the nucleation and the sequence of events of the Arkansas case, we built a conceptual 3-D model (Figure 6 ), incorporating the geological conditions from Horton (2012) , and we solved the full poroelastic equations (equations (1)- (7)) using COMSOL Multiphysics ® (COMSOL, 2015). Figure 6 , the 3-D model has three layers: the first layer is the Confining Unit (depth < 1.9 km), the second layer is the Ozark Aquifer (1.9 km < depth < 3.7 km), and the third layer is the Precambrian Basement (depth > 3.7 km). We also put two fault zones in our model as well as two injection wells. Since Enders fault and Guy-Greenbrier fault have high dipping angles (Horton, 2012) , we used two vertical faults as approximations. Based on distribution of induced seismicity along the Guy-Greenbrier fault, we set the depth range to be 2.5 to 7.5 km. As for the Enders fault, we set the depth from 1.5 to 5.2 km.
As in
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The main formation for the confining layer is shale, which has strong anisotropy in permeability, and the permeability range can vary in a very wide range. Based on field measurements and permeability estimation from Ogwari and Horton (2016) , we set the permeability in the confining layer as k horizontal = 10 −16 m 2 and k vertical = 10 −18 m 2 . As for the Ozark aquifer, we set the permeability as k = 10 −15 m 2 (Morgan & Murray, 2015) . Furthermore, we used k = 10 −21 m 2 as the permeability for the Precambrian basement (Haimson & Doe, 1983) .
We assume the permeability in the damage zones to be anisotropic, taking k parallel = 10 −13 m 2 and k vertical = 10 −15 m 2 , so that the permeability in the direction parallel to the fault is 100 times greater that the permeability perpendicular to the fault. The permeability here represents the higher limit of estimated measurements of damage zones' permeability ranging from 10 −13 to 10 −17 m 2 (Cappa & Rutqvist, 2011; Farrell et al., 2014; Mitchell & Faulkner, 2012) .
For the mechanical properties, we set the Young's modulus in the damage zone to be 22.4 GPa, Precambrian basement layer E = 48 GPa, and E = 28 GPa for both the confining unit and the aquifer layer based on Stanislavsky and Garven (2002) and Chang and Segall (2016a) .
We set initial conditions similar to the previous 2-D case, where the initial stress and pore pressure equals to 0, that is, ij (t = 0) = 0 and p(t = 0) = 0, so that our results correspond to changes from in situ values. As for the injection rate, we used approximately half of the reported peak injection volume (converted to mass) per month from Underground Injection Control (Horton, 2012) as 
where Q 1 and Q 5 are injection source terms for disposal wells 1 and 5, respectively.
The boundary conditions that we use are similar to the 2-D case: For the mechanical model, all boundaries obey zero normal displacement and zero shear traction conditions except for the upper surface which is free of normal and shear stress, ⋅ n = 0, at upper surface,
where n is the normal vector pointing outward, and is the stress tensor. As for the poroelastic fluid flow model, we set p = 0, at lateral boundaries of confining layer and aquifer layer,
where p is the pore pressure change from ambient conditions, and v is the fluid flow velocity. Note that the two models (mechanical and poroelastic flow models) are fully coupled.
We have set up the model by fully coupling the Solid Mechanics, Darcy's Law, and the Poroelasticity components in COMSOL Multiphysics ® (COMSOL, 2015). We followed the initial conditions and governing equations based on equations (1)- (7), (9) and (10), and (17)- (20). Similar to the 2-D simulation, we also used adaptive meshing for the model to refine the element size near the injection wells and the faults region. We perform our simulation in COMSOL Multiphysics ® software solving for the stress components ij and the pore pressure p.
Results
The pore pressure change Δp in the whole field after 500 days of the injection is shown in Figures 7 and  8 , which contain two vertical cross sections (also shown in Figure 6 as A and B) and two horizontal cross sections (also shown in Figure 6 as C and D). As we can see from the figure, the Guy-Greenbrier fault and the Enders fault can act as barriers or as conduits for injected fluids, depending on the choice and evolution of the permeability structure.
Due to the anisotropy in permeability structure around the damage zone, which has a lower permeability in the direction normal to the fault plane and a relative higher permeability in the direction parallel to the fault plane, the Enders fault can act as barrier for fluid flow moving in the horizontal direction (across the fault). As shown in Figure 7 , we can see that pore pressure increases significantly at the injection side of the fault, while the other side only has a small increase. The difference can be as large as 2 to 3 times. Meanwhile, due to the shallower injection point at well 1, the underground fluid can travel across the Guy-Greenbrier fault in the aquifer layer and diffuse to the deeper basement from both sides of the fault. This is clearly shown in Figure 7b .
In contrast, both Guy-Greenbrier and Enders can act as vertical conduits for injected fluid. Although the faults can act as barrier in the shallow region, the high-permeable damage zones which extend to deeper level transport the pressurized fluid through the damage zone and diffuse pore pressure to greater depth even in the basement. This phenomenon is more obvious when we compare the two horizontal cross sections in Figure 7a . The injection in well 1 starts at t = 0 day, the injection in well 5 starts at t = 40 days, and both wells stop injection at t = 240 days.
Figures 8a and 8b. It is reasonable to expect the pore pressure to increase, mainly in the near field around the injection well, and this is confirmed by cross section (Figure 8a ) at 3.7-km depth, which is right beneath the aquifer layer. However, when we go deeper in the basement layer, we find that the increase of pore pressure only concentrates around the faults. Hence, these results suggest that faults can act as conduits for injected fluid, especially for the vertical diffusion process and may act as a barrier to the horizontal diffusion process due to the anisotropic permeability in the damage zone.
To better understand the time evolution of the fluid pressure in different parts of the Guy-Greenbrier and Enders faults, Figure 9 shows the pore pressure change in the top, middle, and bottom parts of the Guy-Greenbrier and the Enders faults at the cross section x = 1,500 m (i.e., the cross section shown in Figure 7a ). The pore pressure keeps increasing in all three parts of the Guy-Greenbrier fault during the whole simulation time, while Δp in Enders fault starts decreasing since the injection stopped. Besides, the pore pressure increase is much higher in the top of the Guy-Greenbrier fault compared with the middle and bottom parts, which implies that the injected fluid diffuse along the high-permeability aquifer layer and keep diffusing to the deeper part of the Guy-Green fault through the damage zones. However, due to the relatively deep injection depth of well 5 and the anisotropic permeability in the damage zones, the injected fluid is not able to travel across the Enders fault, so that pore pressure increase concentrates near the middle part of the Ender fault. It is worth to point out that this cross section in Figure 9 is closer to the injection well 5 than well 1, so the pore pressure increase in the Enders fault is a little higher than the Guy-Greenbrier fault at first few months.
Furthermore, we examined the change of Coulomb stress, which describes the response of brittle materials to shear stress, normal stress, and pore pressure. The change of Coulomb failure stress can be defined as ΔCFS = Δ + f × (Δ + Δp), where Δ is the change in shear stress (positive in the slip direction), Δ is the change in normal stress (positive for extension), Δp is the change in pore pressure, and f is the friction coefficient. If ΔCFS is positive, it means that an earthquake is likely to be triggered. Based on the equation, we can see that either a decrease in compressive normal stress caused by the poroelastic effect or an increase in pore pressure due to fluid diffusion can trigger an earthquake. Figure 10 shows the ΔCFS and pore pressure change after t = 100, 200, 300, 400, 500, and 600 days in the Guy-Greenbrier fault plane. From this figure, we can see that the increase in ΔCFS goes deeper along the fault and propagates to the southeast side of the fault, which is consistent with the direction of seismicity propagation ( Figure 5 ). Comparing the change of ΔCFS and the pore pressure, we can find that the pore pressure increase is a dominant factor accounting for the change of ΔCFS.
Discussion
Overall, our numerical simulations show that the fault architecture, especially the high-permeable damage zone, plays an important role in governing underground fluid flow and subsurface pressurization during and after wastewater injection. We have analyzed the effect of high-permeability damage zones, poroelastic response, and permeability evolution in a 2-D model, then we applied our method in 3-D to a well-documented study case in Arkansas, which shows that the existence of interconnected faults can act as barriers to pore pressure diffusion across the fault and or conduits along and parallel to the fault, assuming a typical permeability structure.
Faults Act as Barriers
Our numerical simulation results from the geologically based 3-D model show that Enders fault can act as a barrier for fluid flow moving in horizontal directions. This effect mainly comes from the lower permeability in the direction normal to the fault, which prohibits the fluid flow to diffuse across the fault (especially across the Enders fault). Due to the relatively shallow injection depth of well 1, which is closer to the Guy-Greenbrier fault, the fluid pressure is able to diffuse across the Guy-Greenbrier fault unlike the process across the Enders fault. This allows a higher increase in pore pressure in the Guy-Greenbrier fault than in the Enders Fault, and this might be one of the reasons that the earthquake sequence mainly happens on the Guy-Greenbrier fault. Another reason that seismicity occurred on the Guy-Greenbrier fault could be due to a sealed or healed fault core in the Enders fault, which would in this case increase its friction strength and delay its rupture.
To analyze whether the presence of a low-permeability fault core is enough to create a flow barrier, we performed a 2-D simulation for which we set the injection well in the damage zone instead of the fault core. Figure 11 shows the pore pressure change after 100 days for a model with only a low-permeability core and a model with anisotropic permeability damage zone. In this simulation, we used a similar setting to the previous 2-D simulation in section 4.1.4 which also includes the effect of permeability evolution, except for the location of the injection well. From the results, we can deduce that the pore pressure increase in the direction across the fault is much smaller in Figure 11b than in Figure 11a , which means the anisotropic permeability damage zone is important to make the fault act as a barrier and suggests that the Enders fault may have an anisotropic permeability to comply with the observed seismicity sequence.
In summary, the relative low-permeability fault core and the anisotropy of permeability in damage zones can both prohibit the fluid traveling across the fault. Anisotropic permeability structure plays a more dominant role as a barrier based on our simulations.
Faults Act as Conduits
Based on the results from the 2-D simulation, especially in Figure 3 , faults can diffuse fluid pressure to a further distance compared to a no-fault configuration, which only has high pore pressure in the near field. Similarly, our numerical simulation for Guy-Greenbrier earthquake sequence also demonstrates that the faults could potentially facilitate the fluid diffusion process and transport fluid to a further distance and a deeper level, which enhances the possibility for wastewater injection to trigger earthquakes, on existing faults, in far field and in deeper depth. Such phenomena have also been confirmed by fluid transfer simulations (Cappa, 2009 (Cappa, , 2011 and geothermal field studies (Johnson et al., 2016) .
In addition, we applied a time-dependent permeability model summarized by equations (9) and (10), which relates the permeability with the changing volumetric strain. The numerical simulation results from 2-D simulation in Figure 4b show this model predicts higher pore pressure change than for a temporally constant permeability model, especially in the near field. This can be explained as the injection process brings the near-injection field into an extensional state, which allows the permeability to increase accordingly, and this phenomenon will facilitate the diffusion process and increase the pore pressure in the whole field. Besides, as discussed by Segall (2016a, 2016b) , the poroelastic effect can also accelerate the diffusion process, alter the stress field, and trigger earthquakes without elevated pore pressure.
In summary, the high-permeable damage zone and the deformation-dependent permeability can facilitate the fluid diffusion process and transport fluid pressure increase to a further distance and a greater depth.
Effects of Background Stress, Fault's Geometry, and Heterogeneity in Permeability
It is necessary to emphasize here that the nucleation of induced seismicity is not only dependent on the pore pressure change but also related to the background shear and effective normal stress, as well as the fault's friction properties. The reason why we analyze the pore pressure is that higher pore pressure is more likely to induce an earthquake. Furthermore, the fault's geometry is simplified in this study. In both our 2-D model and geological-based 3-D model, we assume a flat, smooth fault plane; however, the real case requires some extent of geometric roughness. It has been shown that on relative rougher faults (amplitude-to-wavelength ratio about 10 −2 ), the roughness could induce an additional shear resistance to slip (Fang & Dunham, 2013) , and this could influence the triggering condition under the perturbation of injected fluid. In addition, the heterogeneity of the fault's permeability structure could also alter the results of pore pressure increase. Based on studies about CO 2 pressurization, the smaller, "immature" fault which contains a discontinuous damage zone will result in rapid damage-zone pressurization and small earthquakes, while larger, "mature" fault favors easy fluid migration and prevents earthquake triggering by a small quantity of fluid (Jeanne et al., 2014) .
Conclusion
The existence of highly permeable fault-bordering damage zones facilitates the diffusion process of injected fluid and transports elevated fluid pressures to further distances and greater depths. The permeability structure, especially the anisotropic permeability in damage zones and the relatively low-permeability fault cores, can determine the direction of underground fluid flow and whether the fault acts as a barrier or a conduit system.
Poroelastic coupling to simulate response to faults fluid injection predicts larger pore pressure increase in the far field during the injection period than what is expected from considering a rigid host. This increase could trigger an earthquake far away from the injection well even during the early stage of injection. Furthermore, the expansion and compression in the rock matrix, caused by the poroelastic effect, also influence the change of Coulomb failure stress.
We estimate the evolution of permeability based on empirical relations describe in equations (9) and (10) from Chin et al. (2000) . The numerical simulation results of the 2-D model considering the evolution of permeability during the injection predict higher pore pressure increase than the deformation-independent permeability model, especially in the near field at early stage. Due to the poroelastic response of the rock matrix, the volumetric strain and permeability would change after fluid injection, and accordingly, this will result in a faster diffusion process in the near field.
The analysis of the Guy-Greenbrier earthquake sequence shows the importance of using more realistic fault structures and reveals that faults can contribute differently to fluid diffusion depending on their permeability structure.
